All complete trains must satisfy current interference limits defined by the type of signaling system in use before entering into operation. Today, many train manufacturers struggle with compliance tests for track circuits on DC electrified lines, especially low-frequency (under 200 Hz) track circuits which have low interference limits because most of them were developed for non-electrified lines.
Manufacturers and train operators therefore expressed the desire to be able to estimate the maximum current spectrum before designing trains. However, no theoretical analysis methods exist for low-frequency currents, while several theoretical analysis methods exist for estimating harmonics using switching function [1, 2] . This paper describes a method for estimating the array (frequency and amplitude) of low-frequency return currents on DC electric railcars.
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The following hypotheses form a first base from which low-frequency return-currents may be estimated: a) A DC electric railcar's electric power equals its kinetic power b) The train runs on a flat and straight track. Most DC electric railcars have traction converters with a conversion efficiency of more than 90%. Therefore, hypothesis a) holds true for trains with traction converters composed for example of an inverter and an armature chopper control.
Equation ( Estimating the interference current produced by railcars is necessary to ensure electromagnetic compatibility (EMC) between railway signaling systems and railcars. Although various types of signaling systems use low-frequencies such as those used for track circuits, no estimation method so far covers low-frequency return-currents on DC electric railcars. This paper proposes a new method for estimating the spectrum of low-frequency return-currents on DC electric railcars. This method only requires DC electric railcar characteristics such as train mass and starting acceleration. Measurement results presented in this paper clearly indicate the effectiveness of the developed method.
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Most DC electric railcars run according to an acceleration−speed curve such as given in Fig. 1 . The time− current curve of the DC electric railcar in Fig. 1 is obtained by (1) .
First, in the constant-torque region, the train's velocity and acceleration are given by v t = α 1 , and dv dt = α 1 …………………………………… (2) where α 1 is the starting acceleration shown in Fig. 1 .
Therefore, the time−current curve for a DC electric railcar is given by
Using Fourier series expansions, the mathematical calculation results for a low-frequency current are obtained by
where f is the frequency in Hertz.
Second, in the constant power region, the power of the train is constant. Because the catenary current is also constant, the low-frequency current is theoretically zero (only DC current exists).
Third, in the motor characteristics region, the accel- eration of the train is lower than in the constant torque region. Moreover, the time window for verifying the compliance tests is narrow. In such a short time span, the time−current curve of return current approximates to a linear function, which was already argued in the first case.
To conclude, the current spectrum in the motor characteristics region turns out lower than in the constant torque region. Finally, the maximum low-frequency return-current of the DC electric railcars is estimated by (4).
Verification test erification test erification test erification test erification test
This section describes verification of the estimations made in section two with a test train. The test train has one inverter with two asynchronous motors. 
Estimations where I q = 75 A produced significant errors at some frequencies. The reason is the train's sharp dip in impedance ( Fig. 4) at some frequencies as a result of resonance among the filter capacitor, the filter reactor, and the traction inverter [3] . However, the purpose of this paper is to estimate the maximum spectrum of low-frequency currents in order to comply with the limit value of track circuits. Estimations found in this paper are therefore still effective for the purpose. the efficiency of traction converters is over 90% in the most types of train now. That hypothesis makes it possible to create a link between return current and acceleration characteristics to produce theoretical estimations. Verification of test results clearly demonstrates the effectiveness of the estimation method.
